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ABSTRACT
Square Wave Voltammetry is rapidly becoming the most
popular and versatile electrochemical technique used in
research laboratories today. A discussion of
electroanalytical techniques, which are the forerunners
to square wave voltammetry, provides a basis for
understanding the theoretical and experimental aspects of
SWV which are presented.
A computer-controlled square wave voltammetry system
was designed and built using an IBM PC computer, a Tecmar
data acquisition board, an EG&G PARC Model 264A
Polarographic Analyzer/Stripping Voltammeter, an EG&G
PARC Model 303A Static Mercury Drop Electrode, and the
scientific software package, ASYST. The system was
tested by performing computer-controlled square wave
voltammetry on a Zn system, popular for standardization
of square wave analysis systems.
The major problem encountered with the system was a
large amount of noise in the collected data. The noise
was substantially reduced by various data smoothing
techniques which included signal averaging.
The universality of the system was successfully
2A
tested by using an IBM EC/225 Voltammetric Analyzer and
a homemade electrolytic cell for the analysis. Finally,
the control programs were written in BASIC as well as
FORTH, the language of ASYST. FORTH proved to be the
superior language for the interfacing application in
terms of speed and accuracy of data collection.
1.0 INTRODUCTION
The roots of modern electroanalytical chemistry
date back to the early 1920 's when Jaroslav Heyrovsky, a
Czechoslovakian chemist, developed DC Polarography.
Although his peers did not immediately recognize its
significance, Heyrovsky eventually won the Nobel Prize in
chemistry for the development of DC Polarography in 1959.
By 1950, polarography had reached its peak of
popularity and most scientists regarded it as an area in
which there were few avenues left to explore. At the
same time, other analytical techniques were experiencing
surges in popularity. Atomic absorption spectroscopy had
recently been developed and was being heavily promoted as
the technique of greatest promise in analytical
chemistry. Gas chromatography was a technique which had
come to the forefront for the analysis of organic
compounds. This combination of factors led many
scientists to believe that polarography was essentially a
"dead"
technique and very few scientists continued work
to improve voltammetric techniques (1).
Fortunately for electrochemists , electrochemistry
did not become a forgotten technique, but a popular,
modern method for chemical analysis. Between 1955 and
1965, the limitations of atomic absorption spectroscopy
and gas chromatography were realized. Atomic absorption
was found to be a limiting method in that all the sample
being analyzed must be ionized in a flame. Gas
chromatography is limited to those substances which are
able to be volatilized. Polarography 's great advantage
over these two techniques is that the species of interest
is examined in its original chemical environment and
therefore a better representation of its behavior in that
chemical environment is obtained.
During the same time period, revolutions in the
electronics industry brought about the development of low
cost operational amplifiers. This made the development
of relatively inexpensive commercial electroanalytical
analysis instruments possible.
The combined effect of these developments was a
resurgence of interest in electroanalytical methods. The
first widely accepted commercial instrument for
polarography, the Model 170 Electrochemistry System, was
introduced by Princeton Applied Research Corporation in
1968 (2) . The Model 170 was revolutionary because it
permitted the electrochemist to perform a wide variety of
different measurements on the same solution simply by
changing a few front panel controls. No prior knowledge
of electronics by the user was necessary and this gave
more opportunities for the use of electroanalytical
techniques by a larger number of scientists. The only
negative aspect of the Model 170 was its price - $10,000
to $12,000.
In 1976, PARC again introduced a new system - the
Model 174 Electrochemistry System. The Model 174 was
smaller and contained much simpler circuitry, which
resulted in a lower price tag. The total cost for a
Model 174 was approximately $2000. This low cost allowed
many research laboratories to have a working
electrochemistry system for routine daily use.
Recent developments in computer technology have
further aided electrochemistry's popularity. Today,
complete on-line control and automation of techniques is
possible. A "new" electroanalytical technique which is
rapidly gaining in popularity is Square Wave Voltammetry
(SWV) . An in-depth analysis of SWV will be presented
later in this work; SWV is rapidly replacing other
electroanalytical techniques for many research
applications .
Since the popularity of SWV has only recently begun
to develop, only two commercial instruments,
Bioanalytical System's BAS-100 and Princeton Applied
Research's 384B, were available by 1985 (3). For this
reason, many researchers still construct their own SWV
instrument which is usually computer-controlled.
Computer-control of SWV is needed because of SWV's rapid
analysis methods. In addition to fashioning the
instrument, the control programs are most often written
by the researcher. With these considerations in mind,
research was undertaken to create a computer-controlled
square wave voltammetry instrument capable of routine
usage in the typical undergraduate/graduate research
laboratory.
1.10 BASIC CELL DESIGN
Square wave voltammetry is performed by applying a
potential waveform to an electrolytic cell over a period
of time. The electrolytic cell is the vessel in which
the oxidation or reduction takes place. It typically
consists of a heavy-walled glass container which can hold
between 2mL and 30mL of the analyte solution being
studied (4). Several holes in the cap of the cell allow
the introduction of a purge tube through which N2(g) or
Ar(g) is bubbled into the solution. The inert gas
displaces the oxygen in the solution which is easily
reduced and would interfere with detection of reduction
current attributed to the analyte.
The cell contains three types of electrodes which
are also immersed in the analyte solution and are used to
put the analyte solution in contact with the potential
waveform as well as measure the current resulting from
the reaction which occurs in the cell. The first
electrode, the counter or auxiliary electrode, consists
of an inert conducting electrode such as a pool of
mercury or a platinum wire. The counter electrode is the
electrode to which the potential waveform is applied.
The working electrode is typically a Hanging Mercury Drop
Electrode while the reference electrode is usually either
a saturated calomel electrode (SCE) or a silver-silver
chloride electrode (Ag/AgCl) . The current resulting from
the reduction or oxidation process is measured at the
working electrode relative to the reference electrode.
1.2 DC POLAROGRAPHY (DCP)
To fully understand the technique of square wave
voltammetry and appreciate its advantages, it is
necessary to examine several electroanalytical techniques
which preceded SWV. Some of the characteristics of
preceding techniques are incorporated into SWV while
other aspects of these preceding techniques are improved
upon by SWV.
The oldest electrochemical technique, DC
polarography (DCP), is also the one for which Heyrovsky
won the Nobel Prize. The voltage input in DC
polarography (Figure la) consists of a potential ramp
which linearly increases with time (5). For a reduction
process, the potential becomes more negative with time.
For an oxidation process, the potential becomes more
positive with time. The typical current response curve
for DCP can be seen in Figure lb.
Several important pieces of information can be
obtained from the current response curve. The residual
current seen in Figure 2 (6) is small current which
passes through the cell caused by either capacitive
current or impurities in the solvent/electrolyte solution
used. Capacitive current will be discussed in Section
1.4. The limiting current is the plateau current reached
after the reduction of the analyte species. The limiting
) 0
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Time
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Figure 1 - DC Polarography a> potential waveform
b ) current response withi applied potential ( reproduced
from Reference 5) .
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current is therefore essentially independent of applied
potential. A quantitative measure of the amount of
electroactive species in solution is given by the
diffusion current, id . The diffusion current is
obtained by determining the average current from the
reduction of the analyte species and subtracting the
residual (background) current from this average current
value. According to the Ilkovic equation (see Equation
1) (4), the diffusion current is directly proportional to
concentration of the analyte in solution.
id = 607 n C D1/2m2/3t1/6 [1]
Where id = diffusion current in microamperes
n = number of equivalents per mole of the
electrode reactant
C = concentration of the electroactive
material in millimoles per liter
D = the diffusion coefficient of the
electroactive species in square centimeters
per second
m = mass rate of flow of mercury through a
capillary in milligrams per second
t = lifetime of a drop in seconds
A qualitative piece of information can also be
obtained from the current response curve. This
information is the half-wave potential, E-|/2 .
12
Electroactive materials are characterized by their half-
wave potentials. Ei/g is tne point of inflection of the
current-voltage curve, one-half the distance between the
residual current and the final limiting current plateau,
as shown in Figure 2. As an example, cadmium has an E-|/2
of -0.60 volts versus the SCE while lead has an E-j/g of
-0.40 volts versus the SCE (7). Both reductions were
carried out in a solvent system of 1.0 M hydrochloric
acid .
13
1.3 TAST or CURRENT-SAMPLED POLAROGRAPHY
An inherent problem with DC polarography is that
large fluctuations in current occur. These current
fluctuations are a direct reflection of current
variations which occur during the lifetime of a mercury
drop. Figure 3 (6) shows the current growth which
results from the growth and fall of three successive
mercury drops from a dropping mercury electrode (DME) .
These large current fluctuations make the accurate
measurement of the diffusion current difficult.
In order to avoid these large current fluctuations,
TAST ( or Current-Sampled Polarography ) was developed.
The potential waveform for TAST polarography is exactly
the same as that for DC polarography (Figure 4) (5) .
However, the current response curve is much smoother than
that of DC polarography. The reason for this improvement
in current response is the current sampling method. The
current is sampled just before the end of the lifetime of
each mercury drop (Figure 5) (8). This current sampling
allows for the rejection of currents arising from the
growth and fall of the mercury drop and results in the
smooth response curve seen in Figure 4. Consequently, a
much more accurate representation of the diffusion
current is obtained by using TAST polarography rather
than DC polarography. The current sampling occurs
through the use of sample and hold circuitry. The
14
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Figure 3 Current growth during three successive
of a DME (reproduced from Reference 6) .
drop?
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Figure 4 - TAST Polarography a) potential waveform
b) current response curve (reproduced from Reference 5)
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dislodged.
Figure 5 Sampling scheme for TAST Polarography
(reproduced from Reference 8) .
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experiment uses a mechanically controlled drop time which
allows the drop time to be known exactly and therefore
become independent of potential. At a fixed period,
ususally 5 to 20 milliseconds prior to the fall of the
drop, the current is sampled. This current value is
maintained until the next sample period is reached 5 to
20 milliseconds into the next mercury drop when the
current is sampled again. A TAST polarogram is therefore
built from a series of steps, the rising portion
corresponding to the time interval where the current is
sampled. If the steps are extremely close together,
achieved by a short drop time or slow scan rate, a smooth
current response curve results.
18
1.4 NORMAL PULSE POLAROGRAPHY (NPP)
A major advance in electroanalytical techniques was
realized when pulse methods were introduced. The
first pulse method developed, Normal Pulse Polarography
(NPP) , has a potential waveform and current response
curve as shown in Figure 6 (5) . The potential waveform
is obtained by maintaining a constant potential and
applying pulses of successively increasing amplitude to
successive drops of mercury from the DME. The current
response curve is obtained by sampling the current during
the last few milliseconds of each pulse.
Sampling the current near the end of each pulse
largely eliminates capacitive or charging current.
Capacitive current arises because the working electrode
is held at a potential different from that of the
solution. As a result, the electrode-solution interface
acts as a capacitor. The charge of a capacitor consists
of an excess of electrons on one plate and a deficiency
of electrons on the other. The electrode-solution
interface can be described in a similar manner. When a
pulse of potential is applied to the electrode or when a
new mercury drop grows thereby changing the surface area
of the interface, current must flow to charge or
discharge the capacitor. Therefore, each time a
potential pulse is applied to the electrode or a new
19
b)
0 -+
Figure 6 - Normal Pulse Polarography a> potential
waveform b) current response curve (reproduced f
Reference 5) .
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mercury drop forms, capacitive current increases.
Sampling the current near the end of the lifetime of a
pulse has the same effect as sampling the current near
the end of the lifetime of a mercury drop: the capacitive
current is at a low level while the faradaic current,
current from the reduction of the analyte, remains at a
high level.
The measurement scheme is illustrated in Figure 7
(6). The applied voltage is shown in Curve A. The
resulting capacitive and faradaic currents are shown in
Curves B and C respectively. Both capacitive and
faradaic current increase with the applied potential
pulses. However, capacitive current decays rapidly with
time while faradaic current does not. Sampling the
current near the end of each potential pulse results in
the measurement of faradaic current at a time when
capacitive current is at its lowest point. This improved
method of faradaic current measurement gives NPP greater
sensitivity when compared with DC polarography.
21
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Figure 7 - a) applied voltage b) capacitive current
response to applied voltage c) faradaic current r^pnn,Eto applied voltage (reproduced in part from Fef*r=nce '*>
22
1.5 DIFFERENTIAL PULSE POLAROGRAPHY (DPP)
A further improvement in the measurement of faradaic
current resulted with the development of Differential
Pulse Polarography (DPP). The potential waveform for DPP
superimposes pulses of equal amplitude on a linear
potential ramp as shown in Figure 8 (5) . The current is
sampled once just prior to the pulse and once just before
the end of the pulse. The difference between these two
current samples is then plotted versus potential,
resulting in the peak-shaped response curve shown in
Figure 8.
This difference method of current measurement results
in even better discrimination against charging currents
than in NPP where the larger pulses give larger
capacitive currents. At the same time, DPP's peak-shaped
output offers advantages over the current response curves
seen previously. The peak is symmetric about the E and
its height is directly proportional to the concentration
of electroactive species. The peak-shaped output makes
accurate qualitative and quantitative determinations
easier than results provided from DCP, TAST, or even NPP.
23
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0
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Figure 8 - Differential Pulse Polarography a) potential
waveform b) current response curve (reproduced from
Reference 5) .
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1.6 SQUARE WAVE VOLTAMMETRY (SWV)
Many scientists believe that the newest
electrochemical technique, Square Wave Voltammmetry , may
become a replacement for DPP, which i6 currently the most
popular electroanalytical technique. SWV began in 1957
when G.C, Barker (9) applied a square wave to a single
drop of mercury from a DME. Ramaley and Krause (10)
developed the theory for SWV by modifying Barker's
treatment of the technique, however SWV was not used
routinely until 1977 when J.H. Christie, John A. Turner,
M. Vukovic, and R.A. Osteryoung (11) resurrected the
technique.
The waveform used for square wave voltammetry
consists of a symmetrical square wave which is
superimposed on a staircase waveform as shown in
Figure 9 (12). One of the square wave pulses occurs in
conjunction with a staircase step while the other occurs
at a point one half way through the step and continues
until the end of the step. The first pulse is called the
"forward"
pulse since it occurs in the same direction as
the scan. The second pulse is said to be the
"reverse"
pulse since its magnitude is applied in a direction
opposite to the direction of the scan. The reverse pulse
causes re-oxidation of the reduced product that remained
at the electrode surface and was formed by the forward
pulse.
25
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Figure 9 - Applied excitation in Square Wave Voltammetrv(reproduced from Reference 12).
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The relationship between time and the potential
applied to the electrolytic cell in SWV can be seen in
Figure 10a. is the time for one square wave cycle or
one staircase step in seconds. The square wave frequency
in Hz is 1/^ . Eswis tne height of the square wave
pulse in mV, where 2Esw is equal to the peak-to-peak
amplitude. Estep is the staircase step size in mV (12).
Using these values. the scan rate for a SWV experiment
can be calculated from the equation:
Scan Rate (mV/sec) = Estep (mV) [2]
Y (sec)
The experimental parameters used for this research
result in a scan rate as low as 67 mV/sec. (Esep = 2 mV
and X- 0.03 sec.) This scan rate is considerably faster
than the 1 to 10 mV/sec rate of other pulse techniques.
The current is sampled at two points during each
square wave cycle, once near the end of the forward pulse
and again near the end of the reverse pulse. This
current sampling technique, as discussed earlier,
effectively discriminates against capacitive current.
The resulting currents are plotted as either the forward
current versus time ( for reduction processes ) , as the
reverse current versus time ( for oxidation processes ) ,
or as the difference of the forward and reverse currents
versus time. In addition, the currents can be plotted
27
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Figure 10 - a) Square Wave Voltammetry timinq
relationships b> current, response curve (reproduced in
part from Reference 12) .
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against the potential measured in the electrolytic cell.
A typical current response curve for SWV can also be seen
in Figure 10b.
The major advantage of SWV is its speed. A complete
potential scan can be performed with each drop of
mercury. Therefore a more rapid scan can be done and the
signal-to-noise ratio of the current-potential curve can
be improved by repetitive scanning and signal averaging.
Janet Osteryoung (3) found that, with DPP, a scan of 500
mV required 250 seconds ( more than 4 minutes ) to
complete, while square wave voltammetry required only 10
seconds to complete the same analysis.
Early SWV experiments were hindered by the use of a
Dropping Mercury Electrode (DME). When a DME is used,
mercury drops are continually growing and falling off
during the experiment, resulting in an electrode of
constantly changing surface area. The changing surface
area causes the current baseline to drift and makes the
determination of an accurate net current difficult.
Presently, SWV uses more stable working electrodes such
as the Static Mercury Drop Electrode (SMDE) or Hanging
Mercury Drop Electrode (HMDE) . These two types of
electrodes deposit a mercury drop on the tip of the
electrode before analysis begins and the drop remains
there without changing size until the analysis is
complete.
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Frequencies used for square wave voltammetry
typically range from approximately 1 Hz to 120 Hz. This
frequency range allows square wave experiments to be up
to 100 times faster than other pulse techniques (12).
SWV's speed gives the advantage of an increased sample
throughput when compared with other techniques and
therefore makes it a prime candidate for use in process
control applications.
Both the square wave amplitude and the step height
have an effect on the resulting current versus potential
plot. The difference current is always an essentially
symmetric peak-shaped function; however, for small square
wave amplitudes, it is smaller than either the forward or
reverse currents. The effect of square wave amplitude on
the
components'
currents and on the difference current
can be seen in Figure 11. Only for nEsw > ~15mV does the
reverse current in the vicinity of the half wave
potential become negative and the difference current
become larger in magnitude than the forward current (13).
This suggests that the analytical response could be
increased by using a larger square wave amplitude, but
increased amplitudes lead to a broadening of the observed
current peak as shown in Figure 12 (13) .
The step height, Estep does not effect the
magnitude of the difference current peak; however, it
does have an effect in the individual forward and reverse
30
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k Difference current function.
Figure 11 - Effect of square wave amplitude on current
(reproduced from Reference 11).
31
Figure 12 - Peak width at half height versus square wave
amplitude < reproduced from Reference 13).
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current peaks. The forward and reverse current peaks
will increase with an increase in step height and
decrease with a decrease in step height. The net
increase in the reverse peak will be opposite in
direction but equal in magnitude to the increase of the
forward peak. Therefore, the net difference peak will
remain unchanged with a change in step height.
As well as having the ability to generate analytical
information, SWV can also generate information about
kinetic processes occurring at the electrode. The
forward and reverse currents may be analyzed to give
kinetic information like that given in a cyclic
voltammogram, in which a symmetric forward and reverse
current curve indicates that the reduction process is
reversible while an antisymmetric forward and reverse
current curve indicates that the reduction process is
irreversible. If the rate of electron transfer at the
electrode surface proceeds fast enough to maintain the
surface concentrations of reactants and products very
close to their equilibrium values, the reaction is said
to be reversible. If these equilibrium values cannot be
maintained, the reaction is said to be irreversible.
Square wave voltammetry, it is believed, will be very
advantageous when solid electrodes are used. Differential
pulse polarography is slow and therefore allows
undesirable surface reactions to occur when solid
33
electrodes are used. The high effective scan rates of
SWV decrease the quantity of charge passed, which in turn
lessens the possibility of undesirable surface reactions
occurring at the electrode.
Another major advantage of SWV is its excellent
rejection of background currents. Background currents in
voltammetric techniques are usually large and therefore
are a critical factor in the determination of detection
limits. Square wave voltammetry, on the other hand,
rejects currents that are largely independent of applied
potential. As suggested by Figure 10 ; the net current in
the limiting current region is exactly zero. In trace
analysis, oxygen reduction often produces unacceptably
large and unstable background currents. Using square
wave voltammetry, the limiting current plateau for oxygen
reduction automatically subtracts these background
currents .
The square wave net signal is also insensitive to
currents arising from convective mass transport as long
as the characteristic time of that transport is large in
comparison with the voltammetric pulse width (3). As a
result, the net square wave signal is relatively
insensitive to fluctuations in flow rate and therefore is
a prime candidate for use as a detector for HPLC.
Square wave voltammetry does have one characteristic
which causes some researchers to question its usefulness
34
as a replacement for DPP. The sensitivity of SWV was
believed to be reduced for irreversibly reduced
substances as compared with reversibly reduced material.
Howard Siegerman (14) of EG&G PARC wondered in 1980 "if
SWV doesn't resemble ac polarography in its inferiority
relative to DPP for the analysis of irreversibly reduced
substances. In both SWV and ac polarography a rapidly
changing modulation signal is applied to the working
electrode, and the slow electron transfer kinetics
associated with irreversibly reduced substances prevents
one from determining these materials with the same
sensitivity as
DPP."
However, in 1982, Robert Osteryoung
(5) demonstrated that SWV was four times more sensitive
than DPP for reversibly reduced substances and three time
more sensitive than DPP for irreversibly reduced
substances (see Table 1) . It seems that as SWV
technology continues to develop it becomes an even better
rival with DPP for routine laboratory analysis.
Since the electronic circuitry required for square
wave voltammetry must have short response times, the
standard practice of integrating a long time for each
sample to reduce noise in the measured current signal
cannot be used (12). For this reason, many scientists
who engage in SWV research make use of SWV's ability to
rapidly complete an entire scan on one mercury drop.
35
lpeak(SwV)/lp eak(DPP)
i
Theoretical Calculations
sw sw
frequency frequen -y
= 10 Hz = 1 00 rlz
Reversible Case 1.3 4.0
irreversible Case 1.1 -T ~T
Condi tt ons Delay between pulses DPP), Is. Pulse width
50 ms (DP -'), 100 ms (one full square wave cycle) Pulse
amplitude (DPP) 50 mV; Esw 25 it V Change in pot.ential
between p jlses (DPP) 10 mV, stec height (SWV) 1 0 mV
Tab 1 e I - IPea k < SWV ) / I pea k (DPP ) . Theoret i c a 1 Calc ui.n nr, -
(reproduced -from Reference 5> ,
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Multiple scans can be done on a sample in less time than
it would take to perform one scan with DPP. These scans
can be signal averaged, reducing the noise component
while increasing the signal component. The signal-to-
noise ratio increases as the square root of the number of
scans averaged.
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1.7 ASYST
The software package chosen for use in creating the
control programs for the interface was ASYST, a major
data analysis package which was introduced in 1984 by
Adaptable Laboratory Software, a Rochester-based company.
ASYST was designed especially to meet the programming
needs of scientists and engineers. The ASYST data
analysis product is marketed by Macmillan Software and
runs on the IBM personal computer and compatibles which
are equipped with either an Intel 8087 ( IBM PC and PC-
XT ) or an 80287 ( IBM PC-AT ) math coprocessor (15).
The hardware configuration must include 384 Kbytes of RAM
or more, two disk drives, and an IBM color graphics video
interface board (regular or enhanced version) or a
Hercules graphics card.
ASYST is divided into four separate modules each of
which handle different aspects of data analysis. The
first module, Systems Graphics and Statistics, covers
graphics operations, statistics, array operations,
programming control structures, and RS-232
communications. Module 2, Analysis, provides a complete
set of data reduction routines. Module 3. Acquisition,
supports A/D, D/A, and digital data acquisition and
control. Finally, Module 4, GPIB/IEEE-488 . interfaces
ASYST to over 10,000 GPIB-compatible instruments. Table
II provides a description of the features covered by each
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module.
ASYST contains many pre-written software tools such
as a spreadsheet-like data editor and interactive
graphics which can be used independently or incorporated
into custom application programs written by the user.
The data acquisition and analysis module supplies
prewritten tools such as the ability to simply input
analog information from instruments, the ability to find
the local minima on a waveform, or a highly optimized
Fast Fourier Transform (FFT) (17). ASYST provides the
user with a wide variety of interactive commands
specifically suited to analysis problems. Simply typing
"STACK.DISPLAY CR" allows the user to view the contents
of the stack at any time.
ASYST allows arrays to be manipulated as easily as
scalars. The arrays can be multiplied, divided or edited
with simplicity and without the usual necessity of the
use of loops. ASYST also provides a convenient error
display. Words and parameters may be entered one per
line, or multiple words and parameters may be entered on
the same line if separated by spaces. Spaces are the
delimiters in ASYST, so words must be separated by
spaces. If a line contains more than one word, the words
are executed sequentially from left to right. As each
word is encountered, it is executed. When an error
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d^dule 1 Module 3
Arithmetic Operations Interface Boards
Data Types Analog I/O
Statistical Functions Digital I/O
Array Handling Functions Real-Time Synchronization
Built-in Full-Screen Te>:t Data Buffering
Editor and Array Editor Data Acquisition Supported
Graphics in Background Mode
Graphics Readout and
Cursors
Control Structures
Input /Output
String Handling
Gamma, Bessel and Error
Funct i ons
RS-232 Support
Polynomial Mathematics and Interface Eioards
Evaluation Complete IEEE-4SS Protect
Advanced Graphics Buff er i ng
Vectors and Matrices Real-Time Synchroni zati or
So 1 ut i on s to Si mu 1 1 a neous
Equati ons
Eigenvalues and Eigenvectors
Curve Fitting
Non-Linear Regression
Advanced Statistics
Dat a Man i pu 1 at i on
Fast Fourier Transform, 2-D
FFT, and Inverse FFT
Table II - Features of ASYST Modules 1,2,3 and 4
(reproduced from Reference 16) .
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occurs, a message is displayed accompanied by an arrow.
The arrow points directly to the word which caused the
error when ASYST attempted to execute it (15). This
feature enables the user to know exactly where the error
occurs in a program. Other software packages do not
provide this service and debugging a program becomes more
difficult.
The ASYST software package is rapidly gaining
popularity among research scientists. Its wide variety
of interactive features makes it easily applicable to a
wide variety of research programs.
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1.8 FORTH
The language which ASYST utilizes in its four
modules is FORTH, which was developed from 1960-1970 by
Charles Moore to meet what he believed were the real
world programming needs of scientists. The use of FORTH
provides several advantages for laboratory interfacing
applications. First, the use of FORTH results in much
quicker run times than those of many other languages
since it operates very close to machine-code level. At
the same time, the programmer is presented with a high
level notation much like BASIC. Table III shows the
results of a Bubble-sort run using four different
computer languages (18). Of the four languages, FORTH
has both the better compilation time and execution time.
FORTH makes use of stack-oriented, reverse-Polish
notation (RPN) . The stack used is a LIFO ( last-in,
first-out ) stack. The last item placed on the stack will
be the first item removed from the stack. If some
operation is to be performed using the second item on the
stack, the first item on the stack must first be dealt
with in some way. Reverse Polish Notation makes use of
postfix notation. Traditionally, the operator for a
mathematical process occurs between the two elements to
be operated on. With postfix notation, the operator
occurs after both elements being operated on. This type
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IBM PC Runninq a Benchmark
(Bubble-Sort) Program
Compiled
length/
Compilation E>
time/
:ecution
time/
Language Kbytes sec sec
Microsoft
FORTRAN
2.1 106 291
Microsoft 1.4 T 1 97
Compiling
BASIC
Pascal 1.1 1 15 36
MMSFORTH 0.7 0.2
Table III - Comparison of Compilation and Run Times for
FORTH and Several Other Languages (reproduced from
Reference 18).
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of notation is used because the computer uses the
elements in this order when executing the line. Entering
the lines in this manner allows the computer to begin
execution in a much shorter period of time thus
shortening the total run time of the line. For example,
the multiplication symbol, * , is an ASYST word that
takes the two top numbers from the stack and multiplies
them together, replacing them with the result of that
multiplication. See Figure 13 for a comparison of
traditional and postfix notation. The result of postfix
notation is a shorter compilation and run time.
Another important feature of FORTH is the ability of
the user to convert ideas directly into programs while at
the same time maintaining the original structure of those
ideas. New, user-defined commands can be established
with "colon definitions", which are automatically
compiled into machine language for faster execution.
Colon definitions allow the scientist to associate a
series of commands with a name that can be later
accessed (15). As an example, the square wave generated
for use in the SWV work was created as a colon definition
called WAVE. After its creation, typing "WAVE
CR"
resulted in the generation and storage of the square
wave. These colon definitions can then be linked with
programming control structures to form user-defined
programs. "Writing a means adding new words to
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Operation
Traditional
Notation
Postfix
Notation
Addition
Subtraction
Multiplication
Division
4 +
Count * o -
4 7 +
Lount 2~i *
Count / Sum Count Sum / =
Figure 13 Traditional versus Postfix Notation,
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the dictionary, so that the new "program" is in no way
separated from what has been done previously.
One chemist, Ferren Maclntyre (19) of the University
of Rhode Island, suggests that "whether one is interested
in saving space, minimizing compilation time, or rapid
execution, FORTH performs notably better than other
languages in the microcomputer environment. Most
projects spend more time in development than in execution
making fast compilations particularly
valuable."A more
in-depth discussion of various FORTH command words will
occur later when the programs written for the SWV work
are explained in detail. Details of FORTH can be found
in Reference 18.
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1.9 DATA ACQUISITION BOARDS
ASYST supports a variety of data acquisition boards
which are listed in Table IV (15). In order to use the
data acquisition board with ASYST, the board must be
configured so both devices are working with similar
voltage and digital ranges. The data acquisition board
typically consists of a D/A converter and several A/D
converters. In the laboratory, data is generated in
terms of analog values (i.e., voltages, currents). The
computer communicates with the outside world through D/A
and A/D converters. An analog value is converted to a
digital value by an A/D converter and can then be used by
the computer. The D/A converter changes a digital signal
sent out by the computer to an analog value which can be
utilized by instruments in the laboratory.
Acqultftlon Boardt Supported.
Analog Devices RTI-815
Cyborg ISAAC 91-1
Data Translation DT2800 series
Keithtey DAS Series 500 and 570
IBM Data Acquisition and Control Adapter
MetraByte Dash-16. Dash-8 with EXP-16
Tecmar DADIO
Tecmar Lab Master
Tecmar Lab Tender
Table IV - Data Acquisition Boards supported by ASYST
(reproduced -from Reference 15) .
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2.0 RESEARCH OBJECTIVE
Since computer-control of square wave voltammetry is
necessitated in order to capitalize on its advantages of
speed and sensitivity, research was undertaken to create
a computer-controlled square wave voltammetry system.
The primary goal was to interface an IBM PC computer to
an EG&G PARC Model 264A Polarographic Analyzer/Stripping
Voltammeter and an EG&G PARC Model 303A Static Mercury
Drop Electrode. ASYST was used to write the control
programs. A secondary goal was to determine whether
the advantages of square wave voltammetry (i.e., speed,
sensitivity) could be utilized with ASYST. These goals
also necessitated an understanding of the design and
operation of ASYST.
Once the operation of both the Model 264A and ASYST
were understood, control programs were written. The
object of the computer control program was to send a
square waveform into an electrolytic cell containing the
analyte solution to be reduced. The resulting current
generated by the reduction would be collected by the
computer, through the data acquisition device, using
ASYST and could then be plotted on a digital plotter
versus the applied potential.
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3.0 EXPERIMENTAL
Square wave voltammetry was performed on 1 x 10~3 m
ZnCl2 in a supporting electrolyte/solvent solution of
1.0 M NaN03 with a total potential scan of 1.0 volt
beginning at an initial potential of -0.45 volts. The
Esw was -25 mV/pulse and the Estep was -2 mV/step.
I depended upon the speed scan desired but reached a low
value of 0.03s .
The 1 x 10~3 M ZnC^and 1.0 M NaN03 solutions were
prepared from Baker Reagent grade ZnCl2 and NaN03 and
distilled H2O. Triply distilled mercury purchased from
Bethlehem Apparatus Company was used for the working
electrode.
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3.1 EG&G PARC MODEL 264A POLAROGRAPHIC ANALYZER/
STRIPPING VOLTAMMETER
The model 264A performs a wide variety of analysis
techniques including differential pulse polarography,
differential pulse stripping voltammetry, cyclic
voltammetry, DC polarography, sampled DC polarography or
TAST, normal pulse polarography, and DC stripping
voltammetry.
The Model 264A incorporates a dedicated
microprocessor that controls the power-line
synchronization, the operational parameters, and the
sequencing of the analysis (20). Diagnostic checks of
the instrument are made by the microprocessor each time
the power is turned on.
The Model 264A contains many front panel control
functions used in the square wave voltammetry research.
A summary of each control and its use in the square wave
voltammetry research is given below:
Initial Potential - This defines the potential where
the experiment begins and has a range of 4.99 volts and
is set with thumbwheel switches. The square wave
voltammetry research used a set
initial potential of -
0.45 volts. This potential is far enough into the
cathodic range to avoid the oxidation of mercury at the
working electrode.
Final Potential - This thumbwheel switch defines the
potential where the scan is automatically terminated.
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This is also a thumbwheel switch selectable to 4.99
volts. The computer program controls the end of the scan
so the polarographic analyzer's Final Potential was set
at 0.00 volts.
Scan Rate - The rate of the scan is thumbwheel
selectable from 0 to 1000 mV/s. The scan rate is
selectable in a 1-2-5 sequence. Again, the computer
program controls the rate of scan so it is set at 0 mV/s
on the Model 264A.
Purge Time - A thumbwheel switch selects the length
of time in which the solution in the electrolytic cell is
deaerated with the purge gas. All solutions used in the
square wave voltammetry research were purged for 4
minutes with N2 (g)
Cycles - The square wave voltammetry research used a
half cycle. The number of cycles indicates the number of
repetitions of the potential waveform applied to the
electrolytic cell. A half cycle indicates that the
potential waveform is applied in one direction only ( in
this case, the cathodic direction). One cycle
corresponds to the application of the potential waveform
in the cathodic direction and its subsequent
reapplication in the anodic direction. Therefore, one
cycle represents the reduction and reoxidation of the
analyte species.
Run - This command initiates the analysis.
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Stop - This command terminates the analysis.
Advance - This command manually advances to the next
step of the analysis (purge to scan, scan to standby,
etc.) .
Hold - This command interrupts the analysis when
pressed, then continues the analysis when released.
Current Range - This is the range of measureable
current from the electrolytic cell and is thumbwheel
selectable from 100 nA to 5 mA in a 1-2-5 sequence.
Mode - CV (cyclic voltammetry) was used for the
square wave voltammetry research since it most closely
resembles square wave voltammetry and allows the
potential waveform to be applied for one-half cycle.
The Model 264A also has three back panel features
utilized in the square wave voltammetry work:
External Input - A BNC connector allowed the
application of an externally generated waveform, in this
case a square wave. The applied potential was added to
that set at the front panel Initial Potential switch.
Electrometer Monitor - A BNC connector provided the
potential of the reference electrode relative to the
working electrode.
I/E OUT Monitor - A BNC connector provided a voltage
proportional to the DC cell current.
A diagram of both the front and rear panel
connectors can be seen in Figure 14 (20) .
52
Initial
Potential
Final
Potential
Sweep
Rate
Current
Range
Standby Purae Deposit Eqyilibraig.
OOOU Os-
Run
i
Hold
i
Pol arography Stri pping
Purge
Time I
1
1
1
1 1 1 1 1 1
c.
l-H ' r ' 'Normal Diff. toff
biup i-t'J van^c l" "-" PnUft LU KUlSe
l/E OUT
Monitor
External
Input
Internal Cell
CD
Electrometer
Monitor
\ 1 XZ3
Cell Recorder Power
Figure 14 - EGS-:G PARC Model 264A Pol arographic Analyzer/
Stripping Voltammeter a) front panel b) resr panel.
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3.2 EG&G PARC MODEL 303A STATIC MERCURY DROP ELECTRODE
The Model 303A Static Mercury Drop Electrode (SMDE)
was chosen for use in the square wave voltammetry
research because it gives the advantages of a renewable
mercury electrode surface and a much more convenient
operating method than the traditional dropping mercury
electrode (DME) . The Model 303A has a front panel
control switch which designates the working electrode as
either a static mercury drop electrode (SMDE) or a
hanging mercury drop electrode (HMDE) . The HMDE position
was used for square wave voltammetry.
The Model 303A allows for manual control of the drop
size, purge time, drop dispensing and drop dislodgement .
A medium drop size and a purge time of 4 minutes were
used in the square wave voltammetry research.
The cell cup holds 10 mL of sample. A Ag/AgCl
reference electrode was used along with a platinum wire
counter (auxiliary) electrode. A diagram of the Model
303A SMDE can be seen in Figure 15 (20) .
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Mode ,
DME Dislodqe
o*1
HMDE
o
Dispense
o
PurqeTime Purge
o o
(min) On/Off
Figure 15 - EGS-:G PARC Model 303A Static Mercury DropElectrode Features.
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3 .3 Tecmar LabMaster Data Aquisition Board
The data acquisition board chosen for the collection
of data work was the LabMaster board which was purchased
from Tecmar Incorporated, Cleveland, Ohio.
The analog to digital portion of the LabMaster has
12 bit resolution and 16 single ended or 8 differential
inputs with a conversion rate of 30 kHz (21). The input
range was selected to be 10 V by placing jumpers on pins
9 & 10 of the connector JAD of the daughter board as
shown in Figure 16. The LabMaster board was also
configured for the bipolar mode by jumpering pins 4 & 5
of the connector JAD of the daughter board. The bipolar
mode allows for the use of both positive and negative
voltages .
The digital to analog portion of the LabMaster has 2
independent digital to analog converters with 12 bit
resolution. The output range selected was +10V.
Therefore, as presently configured, the board can be used
for digital to analog and analog to digital conversions
with voltage values ranging from +10 to -10 volts. This
corresponds to digital values ranging from -2048 to +2047
( 212 in bipolar mode). These digital values will be
referred to as counts in the remainder of this work.
Once the LabMaster board was configured to collect
and send data, the A/D and D/A converters were calibrated
to check their linearity- A Heath 15V power supply was
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connected to channel 1 of the A/D and various voltages
were read from the voltmeter through the A/D and into
ASYST. A plot of input voltage versus digital
representation showed that the A/D converter was
accurately converting the analog data to digital values
resulting in a linear relationship (Figure 17). A
similar result was seen for calibration of the D/A
converter .
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3.4 Hewlett-Packard HP7475A Plotter
The HP7475A six pen color plotter was configured for
use by ASYST. The DOS MODE command was used to set the
baud rate to 4800, with no parity checks, 8 data bits,
and 1 stop bit. These configurations were entered into
the AUTOEXEC.BAT file of DOS so that the HP plotter would
be configured for use by ASYST each time the system was
booted. The corresponding settings on the plotter were
made by setting the DIP switches (22) on the back of the
plotter as follows:
Switch Setting
S2 0
*
SI 0
D 0
US 1
B4 1
B3 0
B2 0
Bl 1
These settings then allow communication between the
HP7475A and ASYST. Switches SI and S2 determine that no
parity checks will occur during data transfer while
switch D establishes that the plotter is directly
connected to the computer rather than between a terminal
and a computer. Switch US establishes that 81/2x 11 inch
paper is in use while switches B1-B4 set the baud rate at
4800 bits/second. The baud rate corresponds to the
computer's data transmission rate.
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3.5 IBM PC
An IBM PC with 256 Kbytes of memory and 384 Kbytes
of memory on a memory expansion board and two double-
sided floppy disk drives was used for the computer
control portion of the work. A IBM color graphics card
enabled the display of the generated plots on the monitor
screen. The computer system was also equipped with an
Epson dot matrix printer and an Intel 8087 mathematical
coprocessor.
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4.0 RESULTS AND DISCUSSION
4.1 CONTROL PROGRAMS
The control program for square wave voltammetry was
written in two separate sections, each consisting
primarily of a colon definition. The first colon
definition, WAVE, generated the square wave which was to
be sent out to the electrolytic cell through the D/A
converter. The second colon definition, SQUARE, caused
the waveform to be sent to the electrolytic cell and
collected the current data which resulted from the
reduction process occurring in the cell.
The square wave was generated and stored in a
separate colon definition because it was determined that
this process required an extremely long period (2
minutes) to complete. The SQUARE program can be run in as
little as 14 seconds. This short run time is necessary
to capitalize on SWV's advantage of speed. Since the
entire scan can be run so quickly, there is less time for
undesirable surface reactions (i.e., adsorption of ions
onto the electrode surface) to take place with the
mercury electrode. This eliminates some of the
inconsistent background noise and allows a more accurate
measurement of the diffusion current.
The WAVE program can be seen in Program I. The line
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10 REAL SCALAR ELEMENT
20 REAL SCALAR INITIAL. POTENTIAL
30 INTEGER SCALAR MSEC
40 INTEGER SCALAR SET2
50 REAL SCALAR AMPLITUDE
60 INTEGER SCALAR B2MSEC
70 INTEGER SCALAR COUNT
BO INTEGER DIME 1000 3 ARRAY OUTPUT
90 REAL DIMC 1000 3 ARRAY POTENTIAL
100 LAB. MASTER
110 O O D/A. TEMPLATE OUT . SQUARE . CHNLO
120 OUT. SQUARE. CHNLO D/A. INIT
130 1 ELEMENT t=
140 O INITIAL.POTENTIAL t =
150 5 COUNT I-
160 6 SET2 !=
170 -0.1 AMPLITUDE l=
180 I WAVE
190 101 1 DO
200 6 1 DO
210 POTENTIAL SUBt ELEMENT . 1 3
220 OUTPUT SUBt ELEMENT , 1 3
230 INITIAL. POTENTIAL POTENTIAL SUBt ELEMENT ,13:
240 POTENTIAL SUBt ELEMENT , 1 3 -10. 10. D/A. SCALE
OUTPUT SUBC ELEMENT , 1 3 t=
250 ELEMENT 1 + ELEMENT : =
260 STACK. CLEAR
270 LOOP
280 6 1 DO
290 POTENTIAL SUBt SET2 , 1 3
300 OUTPUT SUBt ELEMENT , 1 3
310 AMPLITUDE POTENTIAL SUBt SET2 ,13: =
320 POTENTIAL SUBt SET2 , 1 3 -10. 10. D/A. SCALE
OUTPUT SUBt SET2 ,13:=
330 SET2 1 ? SET2 i =
340 STACK. CLEAR
350 LOOP
360 INITIAL. POTENTIAL -0.01 + INITIAL. POTENTIAL l =
370 COUNT ELEMENT + ELEMENT l =
380 COUNT SET2 + SET2 i-
390 AMPLITUDE -0.02 ? AMPLITUDE i-
400 STACK. CLEAR
410 LOOP
420 FILE. TEMPLATE
430 REAL DIMC 1000 3 SUBFILE
440 END
450 FILE. CREATE SWAVE
460 FILE. OPEN SWAVE
470 1 SUBFILE OUTPUT ARRAY>FILE
480 FILE. CLOSE I
Proaram I - WAVE control program written using ASYST.
63
numbers do not normally appear in ASYST but were added to
facilitate easy reference to particular lines in the
programs to be discussed. Lines 10-90 define the
variables used and establish the size of the arrays used.
Line 100 specifies that the data acquisition board being
used is the Tecmar LabMaster. Line 110 defines a
template for D/A conversions to occur at channel 0. This
template is named OUT. SQUARE. CHNLO. Line 120 initializes
the D/A template OUT. SQUARE. CHNLO so that the D/A
converter is ready to accept the digital data which makes
up the square waveform and convert it to an analog value
which can be used by the EG&G PARC Model 264A
Polarographic Analyzer.
Line 180 begins the colon definition called WAVE.
Colon definitions allow the user to extend the dictionary
to include words and concepts which are of particular
interest to the user. A colon definition can be named
using a maximum of 31 characters. The : lets ASYST know
that a new word is being defined. Following the :, the
name of the colon definition is given, followed by its
definition. The definition for WAVE contains 30 lines,
each of which have various functions.
Line 190 specifies a DO loop with 100 cycles. Lines
200-270 contain a loop which creates two subarrays :
POTENTIAL and OUTPUT. A potential value is placed in
sequential element numbers of the POTENTIAL array. Then,
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the array element is converted from its original voltage
value to a corresponding integer value which can be
output to the D/A converter (line 240). The scaling to
the appropriate integer value makes use of analog values
between +10 and -10 volts since this is the voltage range
the converter is set up to handle. This loop is
performed 5 times and defines the initial potential of
the square waveform.
Lines 280-350 perform a similar function. The
potential is increased by a value equal to 2Esw. This
acts as the upward or positive pulse of the square wave.
This potential level is held for five passes through the
loop. Lines 360-410 change the potential values (
INITIAL. POTENTIAL, AMPLITUDE ) appropriately and sends
the program back to the first loop. This process
continues until 100 cycles of the square waveform are
created. These 100 cycles correspond to a potential
sweep of 1.00 volts.
Lines 420-480 create a file called SWAVE which
stores the square wave for use later in the SQUARE
program. ASYST is signaled that the colon definition is
finished by typing ";".
From this point on, the square waveform can be
created by simply typing "WAVE CR". Unfortunately, colon
definitions cannot be written directly into ASYST, they
must be written as a text file using EDLIN, the text
editor contained in the disk operating system (DOS).
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After the colon definition is created in EDLIN, it can be
loaded into ASYST and saved there permanently.
The SQUARE program can be seen in Program II. Lines
110-150 specify the Tecmar LabMaster as the data
acquisition device and set up channels #1 and #2 of the
LabMaster for analog-to-digital (A/D) conversion. Lines
220-250 open the data file containing the square wave
data (SWAVE) and read the data into an array named OUTPUT
which is used later in the colon definition. The D/A
converter is readied for use on channel #0 in lines 260-
280.
The actual output and collection of data begins in
the colon definition SQUARE (line 310). Lines 320-390
contain the timing and multi-tasking elements of the
colon definition. In square wave voltammetry, it is
necessary to send out the square waveform as a series of
pulses and collect the resulting current data while the
square wave is still being output. Sending out the
square wave and collecting current data at the same time
would ordinarily require two separate computers to
control both actions or it would require interruption of
one process for a short time to examine the other
process. ASYST provides a convenient means for control
of both processes at once with no interrupts. The
process is known as Background/Foreground Operation or
Multi-Tasking (23). ASYST has the ability to run certain
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SQUARE
10 INTEGER SCALAR RNUMBER
20 INTEGER SCALAR NUMBER
30 REAL DIMt 500 3 ARRAY POT
40 REAL DIMt 500 3 ARRAY RPOT
50 REAL DIMt 500 3 ARRAY DPOT
60 REAL DIMt 500 3 ARRAY PPOT
70 REAL DIMt 500 3 ARRAY CURRENT
BO REAL DIMt 500 3 ARRAY RCURRENT
90 REAL DIMt 500 3 ARRAY DCURRENT
100 REAL DIMt 500 3 ARRAY DCURRENT
110 REAL DIMt 500 3 ARRAY TIME
120 LAB.MASTER
130 2 2 A/D. TEMPLATE ANA.CHNL.2
140 A/D. INIT
ISO 1 1 A/D. TEMPLATE ANAL.CHNL.l
160 A/D. INIT
170 6 NUMBER i=
1BO RCURRENT SUBt RNUMBER , 1 3
190 POT SUBt NUMBER , 1 3
200 RPOT SUBt RNUMBER , 1 3
210 CURRENT SUBt NUMBER , 1 3
220 FILE. OPEN SWAVE
230 1 SUBFILE
240 OUTPUT FILE>ARRAY
250 FILE. CLOSE
260 0 0 D/A. TEMPLATE OUT. SQUARE. CHNLO
270 OUTPUT TEMPLATE. BUFFER
280 OUT. SQUARE. CHNLO D/A. INIT
290 SYNC. ERROR. ON
300 TIME t 3RAMP
310 : SQUARE
320 CLEAR. TASKS
330 OUT. SQUARE. CHNLO 1 TASK ARRAY >D/A. OUT
340 50 TASK. PERIOD
350 50 SYNC. PERIOD
360 PRIME. TASKS
370 SYNCHRONIZE
380 10 MSEC. DELAY
390 TRIGGER. TASKS
400 101 1 DO
410 6 1 DO
420 SYNCHRONIZE
430 ANA.CHNL.l A/D. IN RPOT SUBt RNUMBER , 1 3 =
440 ANAL.CHNL.2 A/D. IN RCURRENT SUBt RNUMBER ,1 3
450 RNUMBER 1 ? RNUMBER l=
460 10 MSEC. DELAY
470 LOOP
490 SYNCHRONIZE
500 ANA.CHNL.l A/D. IN POT SUBt NUMBER , 1 3 l=
SIO ANA.CHNL.2 A/D. IN CURRENT SUBt NUMBER , 1 3 "
520 NUMBER 1 + NUMBER 1=
530 10 MSEC.DELAY
540 LOOP
550 LOOP
560 STOP. TASKS
570 CURRENT RCURRENT - DCURRENT :=
580 RPOT POT - 2 / DPOT t=
590 POT DPOT ? PPOT |
Program II SQUARE control program written using ASYST.
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data acquisition and control tasks in the background
while executing other ASYST words at the same time in the
foreground. In the SQUARE program, the square waveform
is sent out in the background (line 330) while the
current and potential data are collected in the
foreground.
The time between each pulse of the square wave is
rigidly regulated through use of software synchronization
(lines 290,350,370,420). The word SYNCHRONIZE delays
program execution by the amount of time specified by the
SYNC. PERIOD since the last time that SYNCHRONIZE was
executed. SYNC. PERIOD specifies the rate at which the
program loop using SYNCHRONIZE executes. The delay time
is specified in milliseconds so line 350 of SQUARE states
that 50 milliseconds elapses between each potential pulse
of the square wave. This allows for a reproducible delay
period without having to worry about software execution
time overhead.
The current resulting from the reduction of the
electroactive species caused by a potential pulse is
collected in lines 440 and 510. The potential between
the working and reference electrode is also monitored and
is collected in lines 430 and 500. These current and
potential values are also converted to digital values by
the A/D converter in the previously mentioned lines.
Colon definitions were also written to enable the
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collected current and potential data to be plotted on the
HP7475A plotter. The plotting control programs can be
seen in Program III. The colon definition, IPLOT,
controls plotting of the X-axis of the collected data
set. IPL0T2 controls plotting of the Y-axis, while ILAB
controls labeling of the X and Y axes and titling of the
graph. The labels can be changed by changing the words
inside the " " in lines 70,100, and 140 of ILAB. IDAT
controls plotting of the potential versus current or time
versus current data.
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2LQI
10 i IPLOT
20 HP7470
30 1000 MSEC. DELAY
40 PLOTTER . DEFAULTS
50 DEVICE. INIT
60 VERTICAL AX IS. OFF
70 VERTICAL NO. LABELS
BO PPOT DCURRENT XY. DATA. FIT
90 PPOT DCURRENT XY. AXIS. PLOT :
1ELQJ2
10 J IPL0T2
20 HP7470
30 lOOO MSEC. DELAY
40 PLOTTER. DEFAULTS
50 DEVICE. INIT
60 VERTICAL AX IS. ON
70 -HORIZONTAL AXIS. OFF
80 HORIZONTAL NO. LABELS
90 PPOT DCURRENT XY. DATA. FIT
100 PPOT DCURRENT XY. AX IS. PLOT
110 HORIZONTAL AXIS. ON i
ILAB
10 i ILAB
20 HP7470
30 1000 MSEC. DELAY
40 PLOTTER . DEFAULTS
50 DEVICE. INIT
60 " PU5000.600;" GRAPH. COMMAND
70 " FOTENTIAL <mV) " LABEL
80 90 LABEL. DIR
90 " PU600, 3000s" GRAPH. COMMAND
100 " DIFFERENCE CURRENT <mA) " LABEL
110 O LABEL.DIR
120 " PU3500,7500j" GRAPH. COMMAND
130 .025 .05 CHAR. SIZE
140 " INTERNAL CELL" LABEL I
I&AT
10 l IDAT
20 HP7470
30 1000 MSEC. DELAY
40 PLOTTER . DEFAULTS
50 DEVICE. INIT
60 PPOT DCURRENT XY. DATA. FIT
70 " SP2j" GRAPH. COMMAND
80 PPOT DCURRENT XY. DATA. PLOT
90 " PU|" GRAPH. COMMAND I
Program III - Plotting control programs written using
ASYST.
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4.2 CURRENT MEASUREMENT SCHEME
The current resulting from the reduction of the
electroactive species in the electrolytic cell must be
measured at a point when the capacitive current is low
while the faradaic current is high. As discussed
earlier, this can be accomplished by measuring the
current well after the potential pulse has been applied.
Figure 18 shows the relationship between the time the
potential pulse was applied and the time the current was
measured .
Each potential pulse lasted 50 milliseconds so the
capacitive current was allowed to decay for a period of
40 msec and the net current was measured 40 msec into the
potential pulse. A 10 msec delay after the current is
read plus the 40 msec which occurs into the next pulse
allows the current value to be read every 50 msec, at a
point 40 msec into the potential pulse. This
synchronization assures the sampling of the current at
the appropriate time in the pulse, regardless of the time
required to read and process the collected data.
Therefore, any software overhead time should not cause
current sampling at a time when capacitive current is
high relative to the faradaic current.
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4.3 INSTRUMENT DESIGN
A block diagram of the computer-controlled square
wave voltammetry instrument developed can be seen in
Figure 19. The electrolytic cell and the EG&G PARC Model
264A Polarographic Analyzer/Stripping Voltammeter are
connected through a ribbon cable which connects to port
J2 of the Model 303A and the CELL port of the Model 264A.
The square wave is sent from its array in the SQUARE
colon definition to channel #0 of the D/A converter. A
BNC connector was placed on the D/A converter at channel
#0 to facilitate easy hookup of the D/A converter to the
Model 264A Polarographic Analyzer which also contains a
BNC connector on the rear panel labeled EXTERNAL INPUT.
The square wave is sent to the EXTERNAL INPUT of the
Model 264A and from there it is applied to the
electrolytic cell through the auxilary electrode.
The potential between the working and reference
electrode was read at the rear panel BNC connector
labeled ELECTROMETER MONITOR (20). This potential was
converted to its a digital representation by the A/D
converter through channel #1 and the digital
representation was read into the SQUARE program.
The current resulting from the reduction of the
electrolytic species was read from the rear panel BNC
connector labeled I/E OUT MONITOR by the A/D converter
73
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through channel #2 and the resulting digital
representations were read into the SQUARE program.
The A/D converter also had BNC connectors applied to
channels #0 - #3 for ease of connection to the Model 264A
and the devices used to monitor the work (i.e.,
oscilloscopes, digital multimeters).
The collected data was then plotted as the potential
versus the difference current or time versus the
difference current. The difference current was
determined by subtracting the current resulting from the
reverse potential pulse from the current resulting from
the forward potential pulse. The forward or reverse
current versus time or potential can also be plotted
because time and potential are linearly related in
electroanalytical methods. Figure 20 shows how the
potential applied to the electrolytic cell linearly
increases with a linear increase in time. Figure 20 is a
plot of the applied potential collected over a 60 second
time period when SQUARE was run in the reduction of the
ZnCl2 solution.
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4.4 MODEL SYSTEM RESULTS
A typical difference current versus potential plot
can be seen in Figure 21 for the reduction of
lxlO-^M
ZnCl2 in 1.0 M NaN03 . The E1/2 for the
Zn2+
reduction
occurs at -1.09 volts versus Ag/AgCl . This compares well
with the E-|/2 value of -1.10 volts for the same process
determined by O'Dea, et al. (24).
The digital difference current has a magnitude of
counts which corresponds to a current of 2.3 amps. This
also compares fairly well with O'Dea's work which
reported a difference current with a magnitude of 1.5
/i amps for the ZnCl2 system.
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4.5 INSTRUMENT OPERATION
To perform a computer controlled square wave
voltammetry experiment using ASYST, the user must first
boot up the disk operating system (DOS). Once the DOS
prompt A> appears on the screen, the ASYST Master
Diskette is inserted into Drive A and the disk containing
the control programs is inserted into Drive B. The ASYST
system can be booted by typing ASYST <-. Once the system
is loaded, the control programs are loaded by typing LOAD
B: "program name". The square waveform is generated and
stored for later use by running the WAVE program.
The electrolytic cell is readied for use by filling
it with lmL of the lxlO_3M ZnCl2 solution and 9mL of
the 1.0 M NaN03 solution. N2(g) is then bubbled through
the solution for 4 minutes by pushing the RUN button on
the front panel of the Model 264A. The Model 264A is
automated so that the purge cycle stops automatically
after 4 minutes and a fresh drop of mercury is suspended
from the HMDE electrode. When the Model 264A initiates
the scan, the square wave is sent out by typing "SQUARE
<-". If a time other than the setup 50 msec/pulse is
desired, it can be incorporated by removing the 50 from
line 350 of SQUARE and replacing it with the desired time
between pulses. The task period in line 340 of SQUARE
should also be changed to this new time. When the
79
SQUARE program has finished running, the Polarographic
Analyzer can be shut off by depressing the STOP button on
the front panel. The collected current versus potential
or current versus time data can then be plotted by
running the plotting programs IPLOT, IPL0T2, ILAB, and
IDAT.
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4.6 ELIMINATION OF NOISE
As seen in Figure 21, the current versus potential
data plotted for the reduction of the ZnCl2 contained
considerable noise in addition to the difference current
peak. Steps were taken to determine the source of the
noise and subsequently eliminate it.
The first suspected cause of the noise was faulty
connections between the A/D and D/A converters and the
Model 264A. To eliminate this, coaxial cables with BNC
connectors on each end were constructed. Since both the
Model 264A and the data acquisition board had
corresponding BNC connectors on them, the new cables
should have sufficiently shielded the signal from
environmental noise. Once the cables were in place and
the control programs were run again, no decrease in the
size of the noise was seen in the collected current
versus potential plot.
Once this possible source of noise was eliminated,
the Model 303A mercury tower was examined as the possible
noise source. The capillary containing the mercury was
cleaned as suggested in the EG&G PARC Model 264A User's
Manual (20). Concentrated HC1 was aspirated through the
capillary for approximately 20 seconds, followed by
methanol for another 20 seconds and finally air was
aspirated until the capillary was dry. Also, the mercury
tower was cleaned out and fresh mercury was placed in the
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reservoir. The noise level in the collected data did not
decrease following this cleaning procedure.
The next suspected causes of the noise were the
control programs themselves. If the square waveform
output by SQUARE was not applied to the electrolytic cell
at the correct time relative to the sampling of the
current and potential, the sample could be collected at a
time when capacitive current was large relative to
faradaic current. To check this as a possible source of
noise, the SQUARE program was run while the potentiostat
was set on INTERNAL CELL to see if the expected straight
line result was collected by the SQUARE program. The
square waveform was applied to the "internal cell" (20),
a 100 K 0.1% resistor. Since potential and current are
directly related (E = IR) , the current seen should mimic
the potential applied to the internal cell. The
potential and difference current data collected by the
SQUARE program should therefore be a linear trace with
any noise seen resulting from the collection procedure.
The resulting scan can be seen in Figure 22. The noise
in the reduction of the ZnCl2 solution shown in Figure
21 was 98 counts peak-to-peak. The magnitude of the
noise seen when SQUARE was run on internal cell was only
8 counts peak-to-peak. This demonstrates that the
majority of the noise is not coming from the control
programs or the connecting lines, since the noise should
82
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Figure 22 Square Wave Voltammetry run on Internal Cell
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be present on Internal Cell also if the noise originates
from these sources.
A check was made to determine whether the noise was
concentration dependent. Solutions of lxlO~2M, lxlO-3M,
and 1x10-4 M ZnCl2 in 1.0 M NaN03 were run using the
SQUARE program. The magnitude of the noise was not
dependent upon the concentration of the Zn2+ in solution.
From this, it was concluded that most of the noise was
not a result of the concentration of the species in
solution but rather originates from some other source.
To determine whether the signal was being correctly
digitized, the SQUARE program was run with the square
waveform put out by a function generator. If the SQUARE
program was working correctly, the collected data should
form a square wave with little noise. The collected
data, which can be seen in Figure 23, has noise with a
magnitude of only 2 counts. The size of this noise is
small when compared with the 98 count noise seen in the
reduction of the ZnCl2 shown in Figure 21.
To insure that the input potential portion of the
program was not causing the noise and to insure that the
cell itself was not noisy, the current and potential data
was collected while the Model 264A Polarographic Analyzer
remained at a constant potential. The collected potential
versus time data can be seen in Figure 24. The potential
84
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versus time plot showed only a small amount of noise (<1
count) while the current versus time data (Figure 25)
showed only 3 counts of noise.
To eliminate the Model 264A Polarographic Analyzer
as a noise source, Differential Pulse Polarography was
run on the Internal Cell and the current versus potential
data was collected with SQUARE. The noise seen in the
plot (Figure 26) was only 3 counts. Again, the low noise
level indicated that the Model 264A was working correctly
and that the noise seen in Figure 21 was caused by
another source.
Previous workers have also observed large amounts of
noise in square wave voltammetry experiments (25-29) . In
all cases, the noise was significantly reduced by signal
averaging or other mathematical smoothing techniques.
The smoothed plots were created using the LOTUS 1-2-3
software package from Lotus Development Corporation. The
first attempt made at smoothing the collected current
versus time data was to display every Nth point (12).
Displaying or plotting only selected data points from the
entire data base - i.e., every 5thpoint, every 10 point
- provides a means of smoothing the data without
sacrificing the data set (12). While fewer points are
displayed, the entire data set is available if needed.
With this approach the sampling frequency is kept high so
as to maximize the number of points available for
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selection. The data from the reduction of ZnCl2 in the
1.0 M NaN03 was smoothed by displaying every 10th point
(Figure 27) . The noise seen in the smoothed plot had a
magnitude of only 10 counts. This noise level is ~10
times less than that of the original data. The smoothed
data for two other trials, smoothed by plotting every
10th point, can be seen in Figures 28 & 29.
The second smoothing technique employed on the
collected data was that of signal averaging. Random
noise can be effectively reduced by adding a number of
sets of data samples and storing the average value as the
data point. Signal averaging was done on the data in
figures 27, 28, & 29. The noise seen in the signal
averaging plot (see Figure 30) had a magnitude of 3
counts .
Displaying every Nth point followed by the signal
averaging of several sets of data significantly reduces
the noise seen in the current versus time plot. The S/N
ratio for the signal averaging of the three plots after
plotting every 10th point is improved by a factor of
22.66 (The S/N for the unsmoothed data in Figure 21 is
0.50 while the S/N for the smoothed data in Figure 30 is
11.33).
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4^7 INTERFACING THE IBM EC/225 VOLTAMMETRIC ANALYZER
The computer-controlled square wave voltammetry
project can be used on any common polarographic analyzer
and electrolytic cell. A design was developed to
interface an IBM EC/2252A Voltammetric Analyzer to the
existing A/D converter and computer. The IBM EC/225
Voltammetric Analyzer is another common controller for
electroanalytical techniques. To input the signal from
the D/A converter to the
EC/2252A
analyzer, the D/A
channel #0 is connected to the auxiliary input at the
rear of the IBM EC/2252A (see Figure 31 for a diagram of
the IBM EC/2252A Voltammetric Analyzer's front and rear
panels) .
The connection from the voltammetric analyzer to the
electrolytic cell is a simple matter. The cell connector
on the rear of the IBM
EC/2252A
contains 9 pins.
According to Maintenance diagram 7-30, area B-l, of the
IBM EC/2252A User's Manual (30), pin #4 of the cell
connector connects to the platinum auxiliary electrode of
the cell. Pin #6 connects to the Ag/AgCl reference
electrode and Pin #8 connects to the working electrode
which is a mercury coated platinum wire. Pins #5, #7, and
#9 of the cell connector must be connected to pin #1
which is grounded to the frame of the EC/225
The applied potential can be monitored through the
95
Recorder
Auxiliary
/ Accessory \
Input
o
Cell
/ Auxiliary \
/ Controller \
O /
Figure 31 - IBM EC/2252A Voltammetric Analvzer
rear panel .
96
BNC connector on the rear of the IBM EC/2252A labeled X.
The resulting faradaic current is measured through the
BNC connector on the rear of the IBM EC/2252Alabeled Y.
The X BNC connector is connected to channel #1 of the A/D
converter while the Y BNC connector is connected to
Channel #2 of the A/D converter. Figure 32 gives a block
diagram of the computer-controlled square wave
voltammetry instrument which uses the IBM EC/225
Voltammetric Analyzer and an electrolytic cell
constructed in the laboratory.
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4^8 CONTROL PROGRAMS WRITTEN IN BASIC
The control programs were also written in the
computer lanuguage BASIC to compare the efficiency of
ASYST ( or more specifically, FORTH ) with that of a
higher level language, BASIC. The control codes were
again separated into two separate programs, named WAVE
and SQUARE. The BASIC version of the WAVE and SQUARE
programs can be seen in Programs IV & V. The WAVE
program generates a square wave with the same parameters
as that of the ASYST square wave. The square wave is
then stored in a data file entitled SWAVE.
The SQUARE program reads in the square waveform from
SWAVE and sends it out to the electrolytic cell. The
resulting current and potential data are collected in the
same manner as with the ASYST control programs and stored
in arrays for further data manipulation.
An interesting comparison can be made between the
FORTH control programs and the BASIC control programs. A
comparison of the run time for the FORTH and BASIC
versions of the control programs can be seen in Table V.
It would seem that the BASIC program is considerably
faster than the FORTH program and would therefore be the
better choice for a language in which to write the
control programs; this is not necessarily the case. The
WAVE program, in both languages, only needs to be run
once, prior to the running of the SQUARE program. The
99
WAVE
IO DIM OUTPUT (1000)
20 DIM POTENTIAL*1000)
30 ELEMENT 1
40 INITIALPOTENTIAL = 0
50 COUNT 5
60 SET2 6
70 AMPLITUDE =-0.1
60 FOR X = 1 TO 100
90 FOR X - 1 TO 5
100 POTENTIAL (ELEMENT) = INITIALPOTENTIAL
110 ELEMENT = ELEMENT + 1
120 NEXT Y
130 FOR Z = 1 TO 5
140 POTENTIAL (SET2) = AMPLITUDE / 2
150 BET2 = SET2 + 1
160 NEXT Z
170 INITIALPOTENTIAL = INTITALPDTENTIAL + -0.01
180 ELEMENT - ELEMENT + COUNT
190 SET2 = SET2 + COUNT
200 AMPLITUDE = AMPLITUDE + -0.02
210 NEXT X
220 OPEN "SWAVE" FOR OUTPUT AS #1
230 FOR X = 1 TO 1000
240 PRINT #1, POTENTIAL(X)
245 PRINT POTENTIAL (X)
250 NEXT X
260 CLOSE #1
270 END
Program IV WAVE control program written using BASIC.
100
5QUARI
10 DIM POT (1000)
20 DIM RPOT (1000)
30 DIM DPOT (1000)
40 DIM PPOT (1000)
50 DIM CURRENT (1000)
60 DIM RCURRENT (1000)
70 DIM DCURRENT (1000)
80 DIM TIME(IOOO)
85 DIM POTENTIAL (1000)
90 RNUMBER = 1
lOO NUMBER = 6
110 OPEN "SWAVE" FOR INPUT AS #1
120 FOR X = 1 TO 1000
125 NEXT X
130 CLOSE 1
140 FOR X = 1 TO 1O00
150 TIME(X> = X
160 NEXT X
180 FOR X = 1 TO 100
190 FOR Y = 1 TO 5
200 RDECIMAL = 204.7 * POTENTIAL (RNUMBER)
210 RDECIMAL - INT (RDECIMAL)
220 HIGH = INT (RDECIMAL / 256)
230 LOW = RDECIMAL - 256 * HIGH
240 IF HIGH <0 THEN HIGH 16 + HIGH
250 OUT 1808 + 1, HIGH: OUT 10B0, LOW
260 ON TIMER (1) GOTO 270
270 RPOT (RNUMBER) = INPU812)
280 RCURRENT (RNUMBER) = INPU813)
290 RNUMBER = RNUMBER + 1
300 NEXT Y
310 FOR Z = 1 TO 5
320 DECIMAL 204.7 * POTENTIAL (NUMBER)
330 DECIMAL = INT (DECIMAL)
340 HIGH = INT (DECIMAL / 256)
350 LOW = DECIMAL - 256 * HIGH
360 IF HIGH < O THEN HIGH = 16 + HIGH
370 OUT 1808 + 1, HIGH: OUT 1B0B, LOW
380 ON TIMER (1> GOTO 390
390 POT (NUMBER) = INPU812)
400 CURRENT <NUMBER) ~ INP(1B13)
410 NUMBER NUMBER ? 1
420 NEXT Z
430 NEXT X
440 DCURRENT = CURRENT - RCURRENT
450 END
Program V - SQUARE control program written using BASIC.
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Computer
Language
RunTime
(minutes)
WAVE SQUARE
FORTH
BASIC
2.05
0.35
0.50
0.50
Table V - Comparison o-f run times -for FORTH and BASIC
control programs.
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extra time needed to run the FORTH version of the WAVE
program is minimal when a large number of square wave
voltammograms are collected.
The BASIC SQUARE program can run at times comparable
to the FORTH SQUARE program when the run time is large.
However, when the BASIC program is run at higher speed,
(<1 minute per scan), errors in timing of sampling occur.
The software overhead time in the BASIC program begins to
play a role in sampling. The larger overhead caused the
current to be sampled at a time when the capacitive
current is large in comparison with the faradaic current.
In comparing the two languages, it seems that it is
more beneficial to accurately sample the current at the
time desired and at the faster scan rates of FORTH than
to be concerned about the initial minutes lost once at
the beginning of the analysis day by running the FORTH
WAVE program rather than the BASIC WAVE program.
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SUGGESTIONS FOR FUTURE WORK
While the project has been successful in the
completion of the goals established upon undertaking of
this project, room still exists for improvement. In
order to make the instrument more user-friendly,
additions to the program allowing the user to input
control variables directly from the keyboard would be
useful. Presently, the user must change the variables
directly in the program segments making it necessary for
the user to have some knowledge of the program structure
and operation.
In addition, it would be convenient to have the
smoothing operations done inside the ASYST programs. The
LOTUS program was used because the data averaged had
previously been collected and was only available in
hardcopy form at the time that it was decided that
smoothing was desirable. However, it should be
relatively easy to use ASYST for the smoothing techniques
using data stored in data files upon collection.
In addition, it would be useful to test the system
using other popular model systems now that the noise
problems seem to be resolved. These tests would further
support claims made regarding the advantages of the use
of the computer-controlled square wave voltammetry system
designed .
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CONCLUSION
A computerized square wave voltammetric analyzer was
designed and tested for routine research laboratory work.
The analyzer was built using an IBM PC computer, a Tecmar
data acquisition board, an EG&G PARC Model 264A
Polarographic Analyzer/Stripping Voltammeter, an EG&G
PARC Model 303A Static Mercury Drop Electrode and ASYST,
a software package designed for scientific analysis.
A popular model system for square wave voltammetric
analysis, ZnCl2 in a supporting solvent/electrolyte
solution of NaN03 , was reduced using the analyzer built.
Excellent correlation between the E^g and current
magnitude of the collected data and the same values
reported by O'Dea, et al., was seen.
The largest problem was the appearance of large
amounts of noise in the collected data. The signal-to-
noise ratio was improved by a factor of 32.67 through the
use of two data smoothing techniques
- plotting every
10th data point and the signal averaging of several
complete scans.
The computerized square wave voltammetric analyzer
was designed with enough flexibility that various
potentiostats and electrolytic cells could be used in
conjunction with the computer, data acquisition board,
and control programs. A scheme for utilization of an IBM
EC/2252A
Voltammetric Analyzer and a homemade
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electrolytic cell was developed to demonstrate the wide
applicability of the system.
Finally, the control programs were writtem in
BASIC, a higher level language than that of FORTH.
Comparisons made between the compilation and run time of
BASIC and FORTH show little difference until higher scan
rates are reached. At these higher scan rates,
synchronization of the timing for data collection was
much more accurate using the FORTH control program.
The computerized square wave voltammetric analyzer
designed was successful in the analysis of a standard
model system and provides an excellent foundation for
further work on the system to provide any additional
analysis features which might be desired in the future.
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